Based on the theory of optical scintillation induced by fluctuation of particulate concentration, a Gas Flow Velocity Measurement System (GFVMS) is proposed to measure the gas flow velocity in stack. Verification experiments on simulation flue indicate that, for the smoothing effect of transmitting and receiving apertures, optical scintillation induced by refractive index fluctuation is very weak. When particles are added into gas flow, the standard deviation of optical scintillation increased obviously. And when the particulate number concentration exceeds 4000/m 3 , the GFVMS can work normally, and the variation range of measured velocities is almost the same with that of Pitot tube. Sensitivity testing results show that, GFVMS is very sensitive to velocity change. Results of outfield experiment prove that, velocities measured by GFVMS are more stable and the average velocity (7.62/s) is very close to the statistical average (7.61 m/s) of velocities measured by Pitot tube at different points along optical path.
riously. In recent years, Chinese government has paid more attention to these problems, and a series of measures have been established and implemented to improve the air quality. To keep the effect, the control of pollution resources is of great importance. As for air pollution, particulate matters and waste gas are the main pollutants, and statistical results indicate that industrial emission is one of the major sources. Thus, monitoring the total industrial emissions of particulate matters and waste gas is crucial. During this process, the online measurement of flue gas emission velocity is indispensable.
Classical instruments for gas flow velocity measurement include Pitot tube, hot wire anemometer, and laser anemometer, et al. [1] [2] [3] . The measurement of Pitot tube and hot wire anemometer belongs to intrusive measurement. They can disturb flow field and lead to inaccuracy of measurement results. The advantages of laser anemometer include nonintrusive measurement, high spatial resolution and fast dynamic response. But the measurement accuracy may be affected by several factors, such as the finite measurement volume, frequency expansion, noises, etc. Based on the optical scintillation induced by refractive index fluctuation, Wang [4] proposed a new method to measure gas flow velocity. Nowadays, this method has been used in aluminum industry. Optical Flow Sensor (OFS) [5] can measure gas flow velocity with a shorter optical path, and has been designated to be the technical criterion for monitoring gas flow velocity by Environmental Protection Agency (EPA) of USA. When the temperature of flue gas is high and refractive index fluctuates obviously, optical scintillation induced by refractive index fluctuation is easy to be detected [6] . But when the fluctuation is weak, the measurement work becomes difficult. Based on optical scintillation induced by particles shifting in and out of light beam, gas flow velocity can also be measured [7] [8] [9] . But when the number concentration of particles is high and the diameters are small, this method is helpless [10] .
In order to develop a new instrument for gas flow velocity measurement, the relationship between optical scintillation and extinction coefficient of particles is deduced, and a Gas Flow Velocity Measurement System (GFVMS) is designed. The corresponding test experiments are carried out on simulation flue in lab and industrial stack, respectively.
Measurement System and Principle
The structure of GFVMS is shown in Figure 1 , in which the direction of gas flow is along y axis. The GFVMS has two parallel optical paths in the longitudinal section of stack, and the distance between two optical paths is l . The transmitters locate at one side of the stack, and their light sources are point sources. The detectors locate at the opposite side of the stack, and the distances from transmitters to detectors are both L. After collimated by transmitting lens, the probing beams propagate to the receivers along x axis which coincide with the diameter of stack. When the probing beams reach the receivers, light is collected by the receiving lenses.
To ensure the discharge velocity, blower is indispensable for industrial stack. It is the existence of blower near the entrance, gas flow entering into stack is turbulent. And it tends to be stable gradually as flowing along stack. According to the theory of turbulence, the evolution of turbulence is large eddies breaking up to small ed- dies and small eddies dissipating as heat [11] . This process is called cascade model. Borrowing ideas from this theory, the distribution of particulate concentration in stack can also be divided into masses of different sizes. And the evolution of masses can be described as small masses integrating together and becoming larger masses gradually. This process can be described by an anti-cascade model shown in Figure 2 .
The received light intensity after crossing gas flow can be expressed as [12] [13]
where I is the assemble average of light intensity, and ( ) ,t α ′ r is the perturbation of extinction coefficient. Then, the correlation function of optical scintillations detected by two detectors is
where τ is the time delay. 1 r and 2 r are points on upstream and downstream of optical paths, respectively. For homogeneous isotropic stationary gas flow,
Based on the geometrical relationship in Figure 1 and the Taylor frozen hypothesis for turbulence,
R α is an even function, so
The gas flow is homogeneous isotropic stationary, so the correlation function of α can be expressed as
After substituting ∞ with 0 L , function (6) can be written as
The entrance of stack Integrating process
Gas discharged from stack 
Equation (8) illustrates that it is feasible to calculate gas flow velocity with the optical scintillation induced by fluctuation of particulate concentration.
Experimental Results

Experiments on Simulation Flue
In order to test the performance of GFVMS, a simulation flue is set up in laboratory, and its inner diameter and length are 32 cm and 12 m. A blower, the inner diameter and air displacement of which are 32 cm and 2.17 m 3 /s respectively, is placed at one end of the flue. A silicon controlled speed regulator is used to control the rotational speed of blower, and the velocity of gas flow can vary from 0 to 10 m/s. The GFVMS is installed at the other end of the flue. The distance between two probing beams is 30 cm (shown in Figure 3 ).
Comparison of Signals before and after Particles Added into Gas Flow
Before adding particles into gas flow, the temporal variations of signals after 450 times amplification are shown in Figure 4 . In this picture, the straight and dotted lines are signals of channel A and B, respectively. Figure 5 is the temporal variations of signals after particles added into gas flow. In these figures, the rhombuses and dashed lines denote signals before and after 5 Hz low pass filter, respectively. The standard deviations of signals on two channels before adding particles are 1.98 mv and 4.32 mv. The values increase to 16.7 mv and 35.3 mv after particles added. These results indicate that, optical scintillations after adding particles are mainly induced by particulate concentration fluctuation.
In order to find out the reason why the amplitude of signal on channel B is rather large than that on channel A, two group ratios of standard deviations on channel B to the corresponding values on channel A are calculated. The data used here are selected randomly from experimental results before and after particles added. After given risen order of these ratios, a good linear fitting result is acquired (shown in Figure 6 ), the Adj. R-Square of which is 0.912. The distance between two probing beams is only 30 cm, so the particulate concentration transiting from upstream to downstream can't change obviously [14] . Then, the only reasonable explanation for the difference of signal intensity is that channel B is more sensitive.
Determination of Particulate Concentration Ensuring GFVMS Work Stably
When particles are added into gas flow, continuous measuring results of velocities are shown in Figure 7 . Synchronous variations of particulate number concentration measured by aerodynamic particle sizer of TSI (APS-3321) are shown in Figure 8 . The preset velocity of gas flow confirmed by Pitot tube is about 3.5 m/s. Before adding particles, the GFVMS can't work stably, and the measurement results are not accordance with the preset velocity. When particles are added, particulate number concentration increases rapidly [15] [16] . About 30 seconds later, the particulate number concentration reaches 4000/cm 3 , and the GFVMS can work stably. The measured velocities vary among 3 -4 m/s. When we stop adding particles, the particulate number concentration decreases gradually. If particulate number concentration is lower than 4000/cm 3 , unreasonable measurement results arise at once. That is, for this kind of particles, 4000/cm 3 is the threshold of particulate number concentration, beyond which the GFVMS can work stably. The experiment is carried out in our lab, and the flue gas mixed with particles is discharged into the lab directly. So when stop adding particles, decrease process takes more time than the increase process for the same variation range of particulate number concentration.
Sensitivity Test
In order to test the sensitivity of GFVMS to velocity change, another experiment is carried out in which the gas flow velocity is increased from about 3 m/s to about 4.5 m/s. Velocities measured by GFVMS are shown as straight line in Figure 9 . Synchronous results measured by Pitot tube CP 300 [17] are shown as actual velocity (dashed line in Figure 9 ). Before changing gas flow velocity, results measured by GFVMS and Pitot tube are both varying from 2.5 to 3.5 m/s. When flue gas velocity changed suddenly, velocities measured by GFVMS increase gradually. About 10 s (about 2 group data) later, results measured by two equipments converge to about 4.5 m/s, which indicate that the GFVMS is sensible to velocity change.
Outfield Testing Experiment
In order to test the practicality of GFVMS, outfield experiment is carried out on an industrial stack located at Shouguang, Shandong province of China. The cross section of the stack is rectangle, and its length and width are 1.5 m and 0.6 m, respectively. Figure 10 is the picture of outfield experiment. The distance between two probing beams is 0.3 m, and the sampling frequency is set to 2500 Hz. Variation of gas flow velocities measured by GFVMS on industrial stack is shown in Figure 11 , and Figure  12 is that measured by Pitot tube. The average velocity measured by GFVMS is 7.62 m/s, which is very close to that (8.30 m/s) measured by Pitot tube. That is, the GFVMS can measure gas flow velocity on industrial stack efficiently. However, the velocities measured by GFVMS are more stable comparing to those of Pitot tube. The main reasons induced this difference are given as follows. a) The difference may be caused by the unsynchronized measurement. There are only 2 pairs of hole on stack, so the GFVMS and Pitot tube can't work synchronously. Thus, velocities shown in Figure 11 are measured during the first night, and velocities in Figure 12 are measured during the second night. b) Measurement results of GFVMS are average velocities along the optical path, but velocities measured by Pitot tube are those at a single point. c) Pitot tube belongs to invasive measurement and the instrument itself may change velocities near measurement point.
To analyze the spatial distribution of velocities in industrial stack and its influence to average velocity, velocities at different positions along the optical path of GFVMS are measured point-to-point using Pitot tube. The first point is 5 cm away from the wall of stack, and the distances of adjacent measurement points are all 10 cm. Measurement results are shown in Figure 13 , where diamonds are real-time velocities measured at each point, 
Conclusion
When particulate concentration in gas flow exceeds the needed threshold, the GFVMS can work normally, and the measurement results of GFVMS are identical with those of Pitot tube. Meanwhile, the results of sensitivity test indicate that GFVMS is very sensitive to velocity change. For the influence of several factors mentioned in our paper, the average velocity measured by GFVMS on industrial stack is smaller than that measured by Pitot tube at a single point. But the statistical average of velocities measured by Pitot tube at different points along the optical path is identical with average velocity measured by GFVMS. That is, measurement results of GFVMS can give us a better understanding of industrial emissions. In the future, we need more outfield experiments to test the performance of GFVMS and the data proceeding method.
